The isolation of a cDNA clone encoding human P5 (hP5) revealed that hP5 shares several structural similarities with protein disulfide isomerase (PDI, EC 5.3.4.1) (1). How ever, no function has yet been assigned to hP5. PDI is an abundant and important protein in the lumen of the endo plasmic reticulum (ER) (2) , and its concentration in the ER of certain tissues reaches mM levels (3) . PDI catalyzes the oxidation, reduction, and isomerization of disulfide bonds in proteins; it also catalyzes the disulfide-coupled folding of proteins in the ER (4). Many PDI homologues have been identified (5) (6) (7) , and elucidation of their functions, most of which are unknown, may explain the observed diversity of these proteins. PDI has two distinct regions that contain the Cys-Gly-His-Cys (CGHC) sequence, which is similar to a motif found in thioredoxin, Cys-Gly-Pro-Cys (CGPC) (also called the TX motif or CXXC motif). The CGHC sequences in PDI are the active sites for thiol-disulfide bond exchange reactions (8) . PDI and its homologues form a diverse protein superfamily whose members are characterized by two or three CXXC motifs (5) . The deduced amino acid se quence of hP5 indicates that it has two CGHC sequences and the ER retention signal Lys-Asp-Glu-Leu, which are also found in PDI. Based on the number and the relative positions of CXXC motifs, we have classified PDI and its homologues into four groups: hPDI and hP5 are assigned to class 1 and class 2, respectively (6). Studies of the role of the mammalian PDI CXXC motifs in the refolding of bovine pancreatic ribonuclease A indicate that the N-terminal CXXC motif is more active than the C terminal motif (9) . However, recent studies of yeast PDI have demonstrated the opposite result: the N-terminal CXXC motif is not as effective as the C-terminal motif in the renaturation of lysozyme (10) . The reason for. this dif ference has not been determined.
Mammalian and yeast PDIs have limited sequence similarity, and the de-gree of sequence similarity between hPDI and hP5 is also small. Recently, some functions of the rat hP5 homologue, CaBP1, which is the rat luminal ER calcium-binding protein, have been examined, and it was concluded that CaBP1 lacks chaperone activity (11 set to 500 nm, and the excitation and emission slit widths were set to 3 mn. The denaturation and reactivation of GAPDH in the presence of hP5 were carried out according to the method of Cai et al. (16) . In all experiments, purified hPDI was used as a control. 
RESULTS
Expression and Purification of Wild Type and Mutant hP5-To understand the functional roles of the hP5 CXXC motifs, various CXXC motif mutations were introduced into the hP5 cDNA by site-directed mutagenesis, and all muta tions were confirmed by nucleotide sequence determination (primers are not shown). Figure 1 shows the domain struc ture of hP5 and of the CXXC motif mutants, in which cys teine residues were replaced with serine. After growth as described in "MATERIALS AND METHODS," E. coli cells were harvested and disrupted. Native hP5 and its CXXC motif mu-tant proteins were soluble, and their expression levels reached 18.4-37.5% of total E. coli proteins. The superna tant was applied onto a Ni2k-chelating resin column for purification. As shown in Fig. 2 , all proteins were purified as a single band after a one-step purification.
Isomerase and Chaperone Activities of hP5-As shown in Fig. 3, hP5 has a concentration-dependent isomerase activ ity, which is about 45% of that of hPDI. The inhibition of the aggregation of rhodanese and citrate synthase, which lack disulfide bonds, is shown in Fig. 4 , A and B, respec tively, demonstrating that hP5 has about 50-60% of the chaperone activity of hPDI. To examine the peptide-binding activity of hP5, which is believed to be necessary for its chaperone activity, we studied the interaction between hP5 Fig. 1 Effect of CXXC Motif Mutations on the Isomerase Activity of hP5-Several CXXC motif mutations were introduced into the hP5 cDNA, and the isomerase activities of the mu tant proteins were examined. As shown in Figs. 6 and 7 , the activities of the CS12, CS34, and CS24 mutants are about 50, 75, and 10% of that of the wild-type protein, re spectively, whereas the CS13 and CS1234 mutants have no isomerase activity. These results demonstrate that the con tributions of the two CXXC motifs to isomerase activity are not equal and that a single CXXC motif is sufficient for isomerase activity. In addition, the N-terminal motif is more important for activity, and the presence of two cys teine residues in the same motif strengthens the isomerase activity. However, the contribution to isomerase activity of M. Kikuchi et al. the N-terminal cysteine residue in each motif is greater than that of the C-terminal residue.
Effect of CXXC Motif Mutations on the Chaperone Activ ity of hP5-The chaperone activities of the hP5 CXXC motif mutants were examined using citrate synthase as a sub strate. As seen in Fig. 8 , all of the motif mutants have almost the same activity as the wild-type hP5, indicating that CXXC motif mutations have no effect on chaperone activity. These mutations may produce free cysteine resi dues on the hP5 molecule, which might interfere with the inhibition of aggregation of citrate synthase. Thus we ex amined this activity in the presence of DTT (data not shown) and confirmed that the presence of DTT has little effect on the chaperone activities of CXXC motif mutants.
DISCUSSION
Our results show that hP5 has a lower isomerase activity than PDI, and that this activity is dependent on the two CXXC motifs of hP5. The CS12 mutant (50% activity), in which the N-terminal CXXC motif was destroyed by replac ing both cysteine residues with serine, has a lower iso merase activity than the CS34 mutant (75% activity), in which the C-terminal CXXC motif (the second active site) was destroyed in the same manner. These results indicate that the first hP5 CXXC motif is more important than the second for isomerase activity. Similar results were obtained for the calcium-binding protein CABP1 (11) . In addition, our results show that two CXXC motifs are not necessarily required for isomerase activity. Yeast PDI homologues such as the MPDI (18) and the MPD2 gene products (19) , which contain only one CXXC motif, can compensate for the loss of PDI, also suggesting that a single CXXC motif is suffi cient for isomerase activity, although overall activity is low.
The CS24 mutant, in which the second cysteine residue in each of the two CXXC motifs was replaced with serine, had only 10% of wild-type hP5 isomerase activity, and the CS13 mutant, in which the first cysteine residue in each of the two CXXC motifs was replaced with serine, showed no isomerase activity. Thus the first cysteine in each hP5 motif is necessary for isomerase activity, and the second cysteine makes a lesser contribution. Moreover, effective isomerase activity is observed when two cysteine residues are present in the same CXXC motif. These results explain why the mutant CS1234 does not exhibit isomerase activity. Similar results were obtained for mammalian PDI (8) and CABP1 (11) . Euglp, a PDI-related yeast protein with one CXXS motif, can complement PDI deficiency (20) , and mutation of CXXS to CXXC results in a dramatic increase in PDI activ ity (21) . These observations show that the presence of two cysteine residues in one motif strengthens isomerase activ ity. It has been reported that the redox/isomerase ac-tivities of mammalian PDI and yeast PDI are due to the reactivity of the first cysteine residue in each CXXC motif (10, 21) . Thus it seems likely that the two CXXC motifs and their constituent cysteine residues have same functional role in hP5 isomerase activity as do those of PDI.
Generally, protein aggregation is a non-productive and off-pathway reaction, and chaperones such as GroEL/ GroES interact with folding intermediates and prevent or minimize aggregation, increasing the refolding yield (22) . Many reports have stated that PDI influences the refolding of denatured and reduced proteins with multiple disulfide bonds as an isomerase and as a chaperone. PDI variants that are completely devoid of isomerase activity are not able to accelerate proinsulin folding (22) . Based on these observations, rhodanese, citrate synthase, and GAPDH , which contain no disulfide bonds, were used as substrates to discriminate between isomerase and chaperone activities of hP5. hP5 inhibits the aggregation of rhodanese and cit rate synthase, which lack disulfide bonds, showing that hP5 has chaperone activity. However, its activity is also lower than that of hPDI, and the reactivation of GAPDH by hP5 is not observed. PDI inhibits the aggregation of rhodanese and citrate synthase, and it also reactivates GAPDH (16) . Thus the absence of reactivation distin guishes hP5 from PDI. hPDI does not show chaperone ac tivity when dihydrofolate reductase (DHFR) is used as a substrate (23), and hP5 does not reactivate GAPDH, sug gesting that hPDI and hP5 exhibit substrate specificity with respect to chaperone activity. Kramer et al. examined the chaperone activity of CABP1 using only GADPH and concluded that CABP1 has no chaperone activity (11) . Gen erally, PDI interacts with a variety of denatured proteins and peptides, and peptide binding is suggested to be neces sary for chaperone activity. Thus the interaction between PDI and peptides has been examined by using mastoparan as a model peptide. Mastoparan and somatostatin have been used as model peptides to examine the peptide bind ing of PDI (24) . By use of the BIACORE system, we have confirmed that hP5 binds mastoparan, which is composed of 14 amino acids and has been reported to bind to PDI (24) . Based on these observations, we consider that hP5 has chaperone activity.
hP5 and hPDI share only 10.9% amino acid sequence homology, as determined with the DNASIS-Mac v3.7 pro gram; nevertheless, both hP5 and hPDI have isomerase and chaperone activities. On the other hand, mutants lack ing chaperone activity do not exist, and both chaperone and isomerasse activities are involved in many refolding experi ments. The first CXXC motif of mammalian PDI has been reported to be more active than the second CXXC motif in the refolding of bovine pancreatic ribonuclease A (9). How ever, the second CXXC motif of yeast PDI is more effective in the renaturation of lysozyme (10) . Mammalian and yeast PDIs share only limited sequence similarity, and the reason for this difference has not yet been determined. These facts strongly suggest that local structure, and not amino acid sequence, is important for these activities, and that the CXXC motif is required for isomerase activity.
